ABSTRACT Objectives: Pregnancy may cause changes in drug disposition, dose requirements and clinical response. For lithium, changes in disposition during pregnancy have so far been explored in a single-dose study on 4 participants only. The aim of this study was to determine the effect of pregnancy on serum levels of lithium in a larger patient material in a naturalistic setting.
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INTRODUCTION
The management of bipolar disorder during pregnancy and in the puerperium is a medical challenge. On the one hand, lithium is considered to be one of the key agents to treat and prevent manic and depressive episodes occurring in bipolar disorder. 1 2 On the other hand, lithium use has been associated with teratogenic effects, in particular a serious congenital heart defect known as Ebsteins's anomaly. [3] [4] [5] Although the absolute risk of this anomaly is low and recent studies have failed to find statistically significant evidence of an association with lithium use, 2 considerable uncertainty still remains regarding its potential teratogenicity. 2 6 Unfortunately, pregnancy does not protect against new manic or depressive episodes. Women with bipolar disorder have a more than 50% risk of relapse of symptoms during the pregnancy and early postpartum period, and women who discontinue mood stabilisers before or during pregnancy are at particularly high risk. 5 7 -9 Psychiatric decompensation during pregnancy can affect the mother as well as the fetus and neonate, and may be complicated by poor prenatal care, insomnia, substance abuse, poor bonding with the baby, inability to care for Strengths and limitations of this study ▪ We used a large sample size from a naturalistic setting. ▪ The patients' physicians were contacted to ensure correct information regarding lithium dose used before, during and after pregnancy. ▪ Linkage to the national birth registry ensured precise information regarding gestational week for each sample obtained during pregnancy. ▪ We did not have access to clinical data, neither regarding the clinical condition of the mother, drug adherence, nor pregnancy outcome.
the infant, obsessions regarding the baby, delusions, hallucinations, suicide and infanticide. 10 Thus, the use of a mood stabiliser during pregnancy is often a necessity. Since some treatment options (in particular, valproate) are known teratogenic agents, and others (such as lamotrigine or antipsychotics) may be less efficient, lithium is considered by many authors to offer the best efficacy/ safety ratio for bipolar disorder in pregnancy. 1 3 8 11-13 Thus, for women with a good treatment response to lithium, maintained use during pregnancy might represent the best risk-benefit option.
When a decision has been made to start or continue lithium treatment during pregnancy, there is a paucity of data to ensure appropriate dosing. Physiological changes in pregnancy are known to cause changes in drug disposition and alter serum drug levels. [14] [15] [16] For lithium, our current knowledge on lithium disposition in pregnancy is confined to a small experimental study, reporting an ∼50% decrease in lithium concentrations in four participants in the third trimester. 17 The issue clearly needs to be investigated in larger patient materials. The aim of this study was to elucidate to what extent pregnancy affects serum concentrations of lithium in a large target population in a naturalistic setting.
METHODS

Therapeutic drug monitoring data
Serum concentration data for lithium were collected from the two largest therapeutic drug monitoring (TDM) services for psychotropic drugs in Norway, at the Department of Clinical Pharmacology at St Olav University Hospital in Trondheim and at the Center for Psychopharmacology at Diakonhjemmet Hospital in Oslo. In addition to the measured lithium concentrations, the TDM databases contained information about the prescribed lithium dose, time of last drug intake, time of blood sampling, and types and doses of concomitant drugs.
The Medical Birth Registry of Norway
The Medical Birth Registry of Norway (MBRN) is a population-based registry containing information on all births in Norway since 1967. 18 The registry is based on compulsory notification of every birth or late abortion from 12 completed weeks of gestation onwards. The report form is usually filled in by a midwife and includes identification of the parents, maternal diagnoses before and during pregnancy, and date of delivery and length of pregnancy as well as other information regarding the mother and infant.
Data linkage and available data First, a combined laboratory TDM file was created, containing all serum concentration measurements (for any drug) in the period October 1999 to December 2011 for all women of reproductive age (ie, those born in the years 1950-2000). The file consisted of a total of 196 726 analyses from 54 393 women (figure 1). Using the unique 11-digit identification number assigned to every individual living in Norway, the MBRN could identify all pregnant women in the data set. By applying this procedure, 3206 analyses from 1226 pregnant women were identified ( figure 1 ). For the current study, we retrieved the following information: the personal identification number, the measured lithium serum concentration, time of last dose, time of blood sampling, drug dose, concomitant drug use, other clinical information, name of the responsible physician, gestational week at the time of sampling (determined by ultrasound if available, otherwise by last menstruation) and date of delivery.
Inclusion criteria
The basis of this study is all samples analysed for lithium during pregnancy. In total, 28 analyses from 16 pregnant women were available (figure 1). Analyses were excluded if (1) no drug was detected, (2) the sample was obtained as a result of drug intoxication, or (3) the sample was obtained less than 10 hours or more than 16 hours after last oral drug intake. If the requisition form lacked information on drug dose, the authors contacted the responsible physician, who obtained this information from the medical record. The final data set consisted of 25 serum drug concentrations from 13 women (figure 1). The study population is shown in table 1.
Control samples
Having identified the pregnant women and their individual pregnancy periods in the extracted data file, we used the original TDM databases to retrieve serum concentration measurements before and after pregnancy from the same women, to serve as baseline observations. Identical inclusion and exclusion criteria as presented above were used, and 67 analyses were identified (table 1). Four of these were from the first month after delivery (ie, in the 'returning to baseline' phase). These analyses were not used in the statistical model, but are included in figure 2 . The remaining 63 analyses were used for the statistical comparisons.
Determination of serum lithium concentrations
Serum lithium concentrations were measured using a direct ion-selective electrode method (Cobas Integra 400 Plus (at St Olav University Hospital) or 9180 Electrolyte Analyzer (at Diakonhjemmet Hospital), both from Roche Diagnostics GmbH, Mannheim, Germany). 19 20 Concentrations were reported in mmol/L with two significant digits after the decimal point. The lower limits of quantification were 0.16 mmol/L at St Olav University Hospital and 0.10 mmol/L at Diakonhjemmet Hospital.
Data analysis
Serum lithium concentrations were divided by the daily dose (in mmol) used by the woman at the time of sampling, providing a serum concentration/dose ratio, and then multiplied by 24 mmol, which is the defined daily dose 21 for lithium, that is, the assumed average maintenance dose per day for lithium used for bipolar disorder in adults. This procedure provides an intraindividually and interindividually comparable concentration. All concentrations presented and discussed in this article, including tables and figures, are doseadjusted to the 24 mmol/day dose, unless otherwise specified.
Since the concentration distributions were found to be heavily right-skewed, the natural logarithm of the concentrations was employed as the outcome variable in the statistical analysis to achieve near normality. Since multiple measurements were available from the same patient, a linear mixed model was used. The model assumes that each individual patient possesses a random intercept (ie, an individual 'offset') in addition to being affected by the gestational week at the time of sampling. Baseline measurements were set to gestational week 0 in the model. This way, the effect of gestational week on lithium concentration compared with baseline is estimated. Specifically, the concentration in gestational week t is calculated by using the following equation: serum concentration (week t)=e baseline estimate+(t×gestational week estimate) . All model parameters, including variance components, were estimated by the method of maximum likelihood using the STATA V.13 command 'mixed'. Data are presented as means with 95% CIs. p Values <0.05 were considered statistically significant. Table 1 provides an overview of all participants, analyses and pregnancies included in the study. The mean duration of pregnancy (±SD) was 272±19 days. The mean maternal age at delivery was 32.9±3.8 years. The mean age of the women at the time of baseline sampling was 34.1±4.0 years.
RESULTS
The estimated loge serum lithium concentration (in mmol/L) at day 0 was −0.632 (CI −0.740 to −0524, p<0.001) and the change for each gestational week was −0.012 (CI −0.017 to −0.008; p<0.001). Table 2 shows Figure 2 The serum lithium concentrations across pregnancy in the 13 patients studied. Figure (A) shows the measured serum concentrations (not adjusted to dose) for each participant of the study. Figure (B) shows the same observations after being adjusted to a lithium dose of 24 mmol/day. Samples drawn from the same women in a non-pregnant state (baseline values) are shown as pregnancy week 0. Delivery is set to pregnancy week 40. Thus, for a woman who gave birth in week 38, a sample drawn t weeks after delivery would be shown t weeks to the right of the vertical delivery line. The horizontal dashed lines represent the commonly used reference serum concentration range for lithium (0.5-1.0 mmol/L). calculated concentrations for each mid trimester ( pregnancy weeks 6, 20 and 34). Serum lithium concentrations declined throughout pregnancy, and the mid third trimester (gestational week 34) concentration was 34% lower than at baseline (CI −44% to −23%, p<0.001).
Individual concentrations related to gestational week, as well as when the women were not pregnant, are shown in figure 2 . Regarding changes in lithium levels following delivery, we had observations from two participants only, shown to the right in figure 2. Patient #5 had samples obtained at 1, 4 and 29 days following delivery, and there was a steep increase in dose-adjusted lithium levels from the last observation in the third trimester to day 4 following delivery. Another participant, patient #1, had approximately the same lithium serum level at day 24 following delivery, as during the third trimester ( figure 2B) . Figure 3 provides the regression line from our observations with 95% confidence limits showing the expected serum concentrations for a woman using a lithium dose of 24 mmol/day dose across pregnancy.
DISCUSSION
This study, including data from 14 pregnancies, is the largest until now on lithium disposition in pregnancy. We found that serum lithium concentrations decrease during pregnancy, with levels in the third trimester on average reduced by 34% compared with non-pregnant levels. Since lithium is not subject to metabolic transformation and is almost exclusively excreted renally, 1 the decline in serum concentration is likely to be caused by increased renal clearance in pregnancy, as has been suggested previously. 22 23 Increased total body water in pregnancy is not expected to affect the serum concentration of lithium at steady state, in contrast to the initial serum concentration achieved after a single dose, as total clearance is the primary determinant of the serum concentration at steady state. 14 Our study manifests the observations reported by Schou et al, 22 recruiting four physically and mentally healthy pregnant women to take a small (16.2 mmol Li + ) single dose of lithium carbonate in the third trimester and then once again 6-7 weeks after delivery. They found that the lithium clearance in the third trimester was almost double the mean non-pregnant clearance, causing a 50% reduction in lithium serum levels. Our study also demonstrated a similar decline in serum lithium levels, but to a slightly lower degree. The increased lithium clearance seems to parallel that of creatinine: creatinine clearance starts to increase in the first trimester and peaks in mid-pregnancy, with an average increase of 37-45%. 14 The observed decline in lithium levels is likely to be of clinical relevance. If concentrations fall too low, the patient is at risk of treatment failure. Thus, a woman having a stable condition using the lowest efficient lithium dose at the start of the pregnancy may risk destabilisation when the drug levels decline. In our study, all pregnancies in which samples were drawn in the third trimester (3 pregnancies in 2 women) had serum lithium levels of 0.3 mmol/L or lower, concentrations that are considered to be subtherapeutic regardless of bipolar type and phase. 24 In all these cases, immediate dose increases were undertaken ( figure 2A) . Although we lack clinical data, one might suspect that the physicians responsible for these women were not aware of the anticipated decline in lithium levels in pregnancy. As shown in figure 3 , the estimated concentrations for a woman using the defined daily dose 21 of lithium (ie, 24 mmol/day) will be within the therapeutic range (shown in green) at the beginning of the pregnancy, but fall below therapeutic levels throughout pregnancy. It is also important to note that there are individual differences regarding the decline in lithium serum levels, as illustrated in figure 2B .
Our study has too few observations to draw firm conclusions as to how fast lithium levels return to nonpregnant levels following childbirth. One patient had an immediate increase in lithium serum levels following childbirth; another apparently had not ( figure 2B ). However, we know that the glomerular filtration rate normalises rapidly following delivery, 25 and lithium levels are believed to show parallel changes. 26 Thus, if the lithium dose has been increased during pregnancy, it should be reduced at the time of delivery to avoid intoxication. 25 26 Since there appear to be variations in the extent of changes in lithium levels in pregnancy (figure 2B), adjustments in lithium doses during pregnancy and the puerperium should be based on frequent determinations of the serum lithium concentrations.
This study has some limitations that need to be addressed. First, since we did not have access to clinical data, we do not know whether the reduced concentrations caused clinical deterioration, although we do know that patients with concentrations below the recommended therapeutic range carry a higher risk of therapeutic failure. 24 Second, it is unknown to what degree patients were adherent to the prescribed medication. Non-adherence is a particular challenge during pregnancy. 27 However, analyses with a serum concentration of zero (n=1, figure 1) were excluded from the study, and we consider it to be unlikely that an increasing degree of partial non-adherence as pregnancy proceeds could be the reason for the observed gradual decline in the serum levels ( figures 2 and 3) .
On the other hand, this study also has some strengths, the most obvious being the large sample size. Owing to the ethical issues involved in clinical drug trials during pregnancy, 28 29 and the apparently low number of women using lithium while pregnant, 6 30 retrospective studies of samples taken in a naturalistic setting are often the only available tool to obtain information on drug disposition in pregnancy. Owing to the variability often seen in observational studies, a large sample size is crucial, such as in this study, with data from two large routine TDM services over a time span of 12 years included. It is also a strength that we could link the TDM data to a national birth registry, thereby allowing precise identification of pregnant women in the data set, and making misclassification of gestational week unlikely.
Decisions regarding medication use during pregnancy will always require weighing of benefits against risks. For lithium, these judgements may be difficult, since some uncertainty still remains regarding its teratogenicity. 2 6 Nonetheless, lithium is considered by many authors to offer the best efficacy/safety ratio for bipolar disorder in pregnancy, 1 3 8 11-13 and for many pregnant patients its use is necessary to give the mother and child a stable and secure start together. Our study sheds more light on how lithium should be dosed in these patients.
To conclude, we found a gradual decline in lithium serum concentrations throughout pregnancy, with lithium levels in the third trimester being 34% lower than the non-pregnant levels, necessitating a 50% increase in the lithium dose to maintain stable levels. After delivery, serum levels most likely return to nonpregnant levels within a few days. Our study supports the recommendation that serum lithium levels should be monitored even more closely during pregnancy and the puerperium than in non-pregnant women. 31 It is also important that prescribers are made aware of the anticipated increase in lithium dose requirement in pregnancy.
